Background: Vibrio cholerae is widely acknowledged as one of the most important waterborne pathogen causing gastrointestinal disorders. Cholera toxin (CT) is a major virulence determinant of V. cholerae. Detection of CT-producing V. cholerae using conventional culture-, biochemical-and immunological-based assays is time-consuming and laborious, requiring more than three days. Thus, we developed a novel and highly specific loop-mediated isothermal amplification (LAMP) assay for the sensitive and rapid detection of cholera toxin (CT)-producing Vibrio cholerae.
Background
Vibrio cholerae is widely acknowledged as one of the most important waterborne pathogen causing gastrointestinal disorders. Cholera toxin (CT) is a major virulence determinant of V. cholerae. This bacterium is indigenous to fresh and blackish water environments in tropical, subtropical and temperate areas worldwide, the threat of epi-demic cholera is restricted primarily to developing countries with warm climates [1] [2] [3] . V. cholerae causes seafood borne infection, water-borne outbreaks and epidemics in terrestrial environments [1, 3] . Therefore, ingestion of raw or undercooked seafood such as shrimp and drinking water contaminated with V. cholera are risk factors in humans [1] [2] [3] . Most V. cholerae isolates from the environ-ment do not produce CT, nor do they possess the genetic potential to produce CT. V. cholerae O1 and O139 are the major seroytpes associated with illness, and some V. cholerae non-O1 and non-O139 isolates produce CT. These findings necessitate regular examination of V. cholerae isolates for their ability to produce CT in order to assess their clinical significance [3, 4] .
Detection of CT-producing V. cholerae using conventional culture-, biochemical-and immunological-based assays is time-consuming and laborious, requiring more than three days. Commercially available kits can not distinguish between the heat-labile enterotoxin (LT) of Escherichia coli and CT. A rapid, reliable and practical assay for the detection of CT-producing V. cholerae has thus been sought. Several PCR assays offer a more sophisticated approach to the identification of Vibrio cholerae [4, 5] . Although PCR assays provide more rapid identification of Vibrio cholerae than conventional assays, they require the use of electrophoresis to detect amplified products, which is time-consuming and tedious. Real time PCR assays recently developed for the rapid identification of Vibrio cholerae [2, 6] are not routinely used due to their requirement for an expensive thermal cycler with a fluorescence detector.
Among other techniques, however, one promising candidate is a novel nucleic acid amplification method termed loop-mediated isothermal amplification (LAMP) [7] . LAMP is based on the principle of autocycling strand displacement DNA synthesis performed by the Bst DNA polymerase large fragment for the detection of a specific DNA sequence with specific characteristics [8] . This offers a number of advantages: first, all reactions can be carried out under isothermal conditions ranging from 60 to 65°C; second, its use of six primers recognizing eight distinct regions on the target nucleotides means that specificity is extremely high [9] ; and third, detection is simplified by visual assessment using the unaided eye, without the need for electrophoresis [10, 11] . Thus, LAMP assay is faster and easier to perform than conventional PCR assays, as well as being more specific [12, 13] . Furthermore, because the LAMP assay synthesizes a large amount of DNA, the products can be detected by simple turbidity. Thus, compared to PCR assays, expensive equipment is not necessary to give a high level of precision [10, 12, 13] . These features allow simple, rapid and cost-effective detection [13, 14] . Also, the increase in the turbidity of the reaction mixture according to the production of precipitate correlates with the amount of DNA synthesized [10, 11] . Various LAMP assays for the identification of pathogenic organisms have been developed [10] [11] [12] [13] 15, 16] , however, no assay for the detection of CT-producing V. cholerae has been described.
Here, we describe a sensitive, rapid and simple LAMP assay for the detection of CT-producing Vibrio cholerae. Sensitivity was determined in pure cultures and spiked human feces.
Results
LAMP products were detected from all 34 CT-producing V. cholerae strains. No LAMP products were detected from any of the 13 CT non-producing V. cholerae and 53 non-V. cholerae strains ( Table 1 ). The PCR assay required more than 4 h, while the LAMP assay was markedly faster, requiring for amplification 12-18 min with a single colony on TCBS agar from each of 34 CT-producing V. cholerae strains and less than 45 min with spiked human feces ( Fig. 1 ). The assay required less than 35 min and 70 min for detection of CT-producing V. cholerae with a colony on TCBS agar and with spiked human feces from the beginning of DNA extraction to final determination. Table 2 , sensitivities of the LAMP assay for CT-producing V. cholerae O1 strain 13H173 with pure cultures and spiked human feces were found to be 7.8 × 10 2 CFU per ml (2.9 CFU per reaction) and 7.8 × 10 2 CFU per g (1.4 CFU per reaction). Further, the sensitivity of the LAMP assay was 10-fold higher than that of the PCR assay ( Table 2 ). The dilutions of 10 -3 -10 -4 (14.4 -1.4 CFU per reaction) showed an increase in turbidity ( Fig. 1 ) and was visible as white turbidity but not that of 10 -5 (0.1 CFU per reaction). Sensitivities determined by the two methods were constantly matched with each other.
As shown in
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Discussion
The bacterial culture test for the isolation and identification of CT-producing V. cholerae from human feces required 3-4 d, with plating onto selective agars, sequential subculture and CT productivity test. In contrast, the LAMP assay was markedly faster. For PCR assay, 4-5 h is required for amplification, electrophoresis and staining, while the LAMP assay requires for DNA extraction from specimens and amplification less than 35-70 min. Further, amplification of the LAMP assay could be judged by visual assessment using the unaided eye, without the need for electrophoresis. The LAMP assay was more sensitive, rapid and simple than the conventional PCR assay. Therefore, the LAMP assay is more effective in detecting CT-producing V. cholerae than the conventional PCR assay.
CT is closely related to LT at the immunological and genetic levels, [4] , therefore their discernment is critical. A commercial reversed passive latex agglutination assay kit for the detection of CT/LT is available. However, this kit is unable to discern between CT and LT. Although PCR assays have been shown suitable for the specific detection of the ctx gene without confusing the lt gene [4, 5] , the procedure is time-consuming and tedious. We therefore developed a new and specific LAMP assay for CT-producing V. cholerae. A primer set based on the ctxA gene was designed to prevent the confusion of CT and LT with highly conserved and specific regions for CT.
The sensitivity of the LAMP assay shown in Table 2 seems a little high, and Table 2 indicates detection of 0.3 CFU per reaction in 2/3 replicates. We adopted 6 h-enrichment not to reach stationary phase for the determination of the sensitivity, according to Fedio et al [17] . However, the samples may, to some extent, contain DNAs derived from dead or viable but non-cultivable (VNC) cells [18] in the present study, which may have affected the sensitivity we determined. Further work is needed to confirm this hypothesis.
The frequent outbreaks caused by CT-producing V. cholerae in developing countries [1, 3] highlight the need for the rapid and accurate identification of the species. We successfully developed the first LAMP assay for detection of CT-producing V. cholerae from spiked human feces. Application of this assay to food and environmental microbiology should facilitate a comprehensive approach to the control of cholera infection and the rapid and sensitive detection of small numbers of CT-producing V. cholerae in food and environmental specimens.
Conclusion
The LAMP assay provided markedly more sensitive, simple and rapid detection of CT-producing V. cholerae than conventional biochemical and PCR assays. Further, it can be applied to the direct detection of CT-producing V. cholerae with spiked human feces. The LAMP assay for detection of CT-producing V. cholerae required less than 35 min with a colony on TCBS agar and 70 min with spiked human feces from the beginning of DNA extraction to final determination. The LAMP assay is a powerful tool for the rapid and sensitive detection of CT-producing V. cholerae, and will facilitate the early diagnosis of cholera in humans.
Methods

Bacterial strains
A total of 100 bacterial strains were used, including 34 CTproducing Vibrio cholerae strains, as well as an additional 13 CT non-producing Vibrio cholerae and 53 non-Vibrio cholerae strains as reference strains and field isolates. The 47 Vibrio cholerae strains are detailed below, and also shown in Table 1 . Twenty-six O1, thirteen O139 and eight non-O1/non-O139 Vibrio cholerae strains were obtained from clinical patients of overseas travelers and domestic cases, and a food specimen between 1986 and 2007 in Japan. Fifteen non-Vibrio cholerae reference strains were obtained from international culture collections (Arcobacter butzleri ATCC49616 T (American Type Culture Collection, USA); Arcobacter cryaerophilus ATCC43158 T ; 
Storage and culture conditions
All Vibrio strains were stored in Casitone semi-solid broth (Eiken Chemical Co., Ltd., Tokyo, Japan) or cooked meat broth (Becton Dickinson and Co., Sparks, MD, USA) at room temperature until required. They were grown on thiosulfate citrate bile salt sucrose agar (TCBS agar; Eiken Chemical) and incubated overnight at 35°C. All Arcobacter, Campylobacter and Helicobacter strains were stored in brucella broth (Becton Dickinson) containing 10% (v/ v) horse serum and 10% (v/v) DMSO at -80°C, until required. They were grown on blood agar supplemented with 5% (v/v) lysed horse blood, and incubated for 2-3 days in a microaerobic atmosphere, except H. pylori, which was incubated for 10 days. Incubation was at 37°C except A. cryaerophilus, which was grown at 30°C. Other bacterial strains were stored in cooked meat broth at room temperature until required, and grown on blood agar or tryptic soy agar (TSA; Nissui, Tokyo, Japan) and cultured overnight at 37°C. CT/LT productivities of V. cholerae and E. coli strains were determined by a reversed passive latex agglutination assay kit (VET-RPLA; Denka Seiken, Tokyo, Japan) following a manufacturer's instruction.
DNA extraction from culture
Bacterial DNA was extracted as previously described [19] with slight modification. A single loopful of culture on TCBS agar, blood agar or TSA was inoculated in 50 μl of NaOH (25 mmol l -1 ) in a 1.5-ml microcentrifuge tube using a disposable loop (1-mm diameter), and the cell mixture was heated at 95°C for 5 min. After neutralization with 4 μl of Tris-HCl buffer (1 mol l -1 ), cell debris was pelleted by centrifugation at 20,000 g, 4°C, for 5 min and the supernatant was used as template DNA for the LAMP assay.
LAMP assay
LAMP assay was performed with a Loopamp DNA amplification kit (Eiken Chemical). The final LAMP assay comprised 2 μl of template DNA, 1 μl of Bst DNA Polymerase (Eiken Chemical), 1.6 μmol l -1 each of inner primers FIP and BIP, 0.2 μmol l -1 each of outer primers F3 and B3, and 0.8 μmol l -1 each of loop primers LoopF and LoopB, in a 1 × Reaction Mix (Eiken Chemical). Final volume was adjusted to 25 μl. All primers were produced by Hokkaido System Science Co., Ltd. (Sapporo, Japan), and designed from sequence data submitted to GenBank (Cholera toxin subunitA gene, ctxA, K02679) [20] with Primer Explorer V4 software (Fujitsu System Solutions Ltd., Tokyo, Japan).
To find specific nucleotide sequences of CT-producing V. cholerae, a multiple alignment was determined with analyses of 34 ctxA sequences (AE003852, AF175708, AF390572, AF414369, AF452584, AF463400-AF463401, AF510994-AF510998, AF516341-AF516349, AF542088-AF542089, AJ575590, AY101181, CP000626-CP000627, D30052-D30053, DQ774432, K02679, X00171, X58785-X58786) from DDBJ/EMBL/GenBank data base. The sequences and locations of each primer are shown in Table 3 and Fig. 2 . Primer FIP consisted of the F1 complementary sequence and the F2 sequence. Primer BIP consisted of the B1 sequence and the B2 complementary sequence. Primer B3 and LF consisted of the B3 and LF complementary sequences, respectively. The mixture was incubated at 65°C for 60 min and then at 80°C for 2 min to terminate the reaction in a Loopamp real-time turbidimeter (LA-320; Teramecs, Kyoto, Japan). LAMP amplification was detected as a value of turbidity at 650 nm using a LA-320 in real-time. The reaction was considered to be positive when the turbidity reached 0.1 within 60 min. Turbidity visible with the unaided eye was also considered to indicate a successful LAMP procedure.
Determinations of sensitivities of the LAMP assay with pure cultures and spiked human feces
The sensitivities of the LAMP assay for the detection of CTproducing Vibrio cholerae with pure culture and spiked human feces were determined as previously described [11] with slight modification using known amounts of Vibrio cholerae O1 strain 13H173 (Table 1) . A single culture on TCBS agar was inoculated in alkaline peptone water (APW; Eiken chemical) and incubated at 35°C for 6 h. Serial 10-fold dilutions of the culture were prepared in PB (Phosphate buffer). For preparation of DNAs from pure cultures, 100 μl of each was transferred to a 1.5-ml microcentrifuge tube, and was centrifuged for 5 min at 20,000 g. After removal of the supernatant, the pellets were resuspended in 50 μl of NaOH (25 mmol l -1 ), and the mixture was heated at 95°C, for 5 min. After neutralization with 4 μl of Tris-HCl buffer (1 mol l -1 , pH 7.5), debris was pelleted by centrifugation at 20,000 g, 4°C, for 5 min. For preparation of DNAs from spiked human feces, 100 μl of each was spiked into 100 mg of a V. cholerae-negative human feces. The fecal sample was obtained from a Norovirus-positive patient with diarrhoea. The fecal sample was determined to be negative for V. cholerae according to the results of a microbiological examination with overnight APW enrichments and subsequent plating onto TCBS agar. The fecal homogenates were then adjusted to a 10% concentration with PB. After mixing well, the homogenate was centrifuged at 900 g for 1 min to remove larger fecal debris. Supernatant was transferred to a new 1.5-ml microcentrifuge tube, and was centrifuged for 5 min at 10,000 g. After removal of the supernatant, the pellets were resuspended in 100 μl of NaOH (25 mmol l -1 ), and the mixture was heated at 95°C, for 5 min. After neutralization with 8 μl of Tris-HCl buffer (1 mol l -1 , pH 7.5), debris was pelleted by centrifugation at 20,000 g, 4°C, for 5 min. Two microliters of each supernatant was then used as template DNA for LAMP assay. The sensitivity tests of the LAMP assay were conducted in triplicate, and the detection limits were defined as the last positive dilutions, with the sample considered positive if all three samples tested positive. In parallel, to enumerate the bacteria, 100μl aliquots of appropriate dilutions were spread on Heart Infusion agar (Becton Dickinson) and incubated overnight at 35°C. Colonies were counted at the dilution yielding 30 to 300 Colony Forming Units (CFUs), and CFU per ml/g of suspension was calculated.
PCR assay
A multiplex PCR assay targeting ctxA, O1-rfb and O139-rfb genes [5] was performed in a 50-μl reaction mixture containing 2 μl of template DNA and the respective primer (Hokkaido System Science Co., Ltd.) in 1 × Qiagen Multiplex PCR Master Mix (Qiagen GmbH, Hilden, Germany). The sequences of primers were as described in published papers [5] . The concentrations of all primers were adjusted 0.2 μM. DNA amplification was performed in a TaKaRa PCR Thermal Cycler Dice Gradient (TaKaRa Bio, Otsu, Japan). The cycling conditions used were one cycle of 95°C for 15 min, 35 cycles each of 94°C for 1 min, 55°C for 1.5 min and 72°C for 1 min, and ending with a final extension time at 72°C for 7 min. Samples were held at 4°C prior to analysis. PCR products were subjected to electrophoresis in 2% agarose gels. After staining with ethidium bromide, the PCR products were detected under UV light. The sensitivity of the PCR assay was determined using template DNA from pure cultures and spiked cells in human feces as described above. The sensitivity tests of the PCR assays were conducted in triplicate, and the detection limits were defined as the last positive dilutions, with the sample considered positive if all three samples tested positive.
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